Neutrophil apoptosis contributes to the homeostasis of the immune system through its role in the resolution of inflammation (1) . During this process, tissue macrophages scavenge aging neutrophils while preserving the integrity of surrounding tissue and minimizing local injury (2) . Anti-inflammatory cytokines, such as IL-10, promote the resolution of inflammation partly through their induction of neutrophil apoptosis (3) . In contrast, pro-inflammatory cytokines, including granulocyte colony-stimulating factor, can delay the onset of neutrophil apoptosis (4) . Although this action might benefit the host during active infection by prolonging the survival of bactericidal neutrophils, the persistence of neutrophils after delayed apoptosis in the absence of an infectious focus may also lead to subsequent localized injury (5) . Such a scenario has been thought to precede a variety of inflammatory disorders, including rheumatoid arthritis (6) and the acute respiratory distress syndrome in adults (7) . Similarly, a diminished capacity to resolve inflammation could potentially contribute to the pathogenesis of bronchopulmonary dysplasia, a chronic inflammation of the lungs frequently observed in premature infants.
The apoptotic pathway involving interactions between the surface antigen, Fas/CD95, and its ligand, FasL, seems to play a significant role in neutrophil apoptosis (8, 9) . Neutrophils have a higher expression of Fas than do other leukocytes (9) , and may contribute to their own apoptosis in an autocrine manner through their release of FasL. Interaction of Fas with FasL or with agonistic anti-Fas antibody activates the FADD (Fas-associated death domain protein)/MORT1 complex (10) , which results in proteolytic cleavage of the inactive procaspase-8 protein into the active enzyme. This activation initiates a hierarchy of cleavage reactions of downstream caspases, including caspase-3 (11) . Caspases mediate their apoptotic effects by activating specific substrates, including those involved in regulating the cell cycle and in signaling mechanisms (12) . The evolutionary importance of caspases in the regulation of apoptosis is emphasized by the functional homology between ced-3, the "death" gene that controls apoptosis during embryonic development of Caenorhabiditis elegans, and members of the IL-1␤ converting enzyme-like family of caspases (13) . Recent evidence has shown the pivotal involvement of caspase-8 and caspase-3 in mediating early apoptotic events after activation of Fas (11, 14) .
We have previously observed that, compared with neutrophils of adults, cord blood neutrophils have a delayed progression of apoptotic events mediated by the Fas/FasL pathway as well as spontaneous apoptosis (15) . The resistance of cord blood neutrophils to Fas-mediated apoptosis did not seem to be the result of differential protein expression of Fas antigen or of Fas, indicating either that initial Fas activation itself, or that apoptotic events downstream of this activation, differed between cord blood and adult neutrophils (15) . In addition, our observation that cycloheximide, a protein synthesis inhibitor, induced less apoptosis in cord blood neutrophils than in those of adults suggested the preexistence of anti-apoptotic proteins, the diminished expression of proteins that promote apoptosis in cord blood neutrophils, or both (15) . To begin to delineate the mechanisms underlying these observations, we designed studies to test the hypothesis that delayed apoptosis in cord blood neutrophils is related to a lower expression of apoptotic proteins with actions that target events downstream of initial Fas activation. In this article, we report that umbilical cord blood neutrophils have lower expression of a cysteine protease central to Fas-mediated apoptosis, caspase-3, than do those of adults, and that diminished caspase-3 function is linked to delayed apoptosis in those neutrophils.
METHODS
Neutrophil isolation and culture. Paired samples obtained from the umbilical veins of term placentas after uncomplicated cesarean delivery or from the peripheral venous blood of healthy adult volunteers were processed immediately after collection. Samples were obtained with informed consent in accordance with the guidelines of the Institutional Review Board for Human Studies at the University of Florida.
Dextran-sedimented neutrophils were subjected to density centrifugation followed by hypotonic lysis of contaminating erythrocytes (16) . The purity of neutrophil suspensions was Ͼ95% (morphologic evaluation); viability was Ͼ95% (trypan blue exclusion). Isolated neutrophils (2 ϫ 10 6 /mL) suspended in endotoxin-free RPMI 1640/5% FCS (Invitrogen, Carlsbad, CA, U.S.A.) were cultured in polypropylene tubes at 37°C, 5% CO 2 for up to 48 h, and harvested for determination of the apoptotic fraction by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick-end labeling (TUNEL) assay or for measurement of caspase activity. To evaluate the induction of Fas-mediated apoptosis, in some studies neutrophils were cultured in the presence of anti-human Fas IgM antibody (300 ng/mL; clone CH11, Upstate Biotechnology, Lake Placid, NY, U.S.A.) to induce apoptosis, as we have done previously (15) .
RT-PCR analysis of caspase expression. Total RNA was extracted from lysates of freshly isolated cord blood or adult neutrophils (10 7 cells) using a commercial kit (RNeasy Mini Kit, QIAGEN, Valencia, CA, U.S.A.), and reverse transcription was performed using oligo(dT) priming as has been described (17) . Primer pairs were synthesized based on published sequences (caspase-1, caspase-3) (18); or were derived from an EMBL/GenBank sequence (caspase-8) (19) using computer analysis software (Primer Designer, Scientific & Educational Software, Durham, NC, U.S.A.). Primer pairs for caspase-8 were as follows: 5' primer, CACGATGACTGCA-CAGTAG; 3' primer, CTTCAGTCAGGATGGTGAG. Each PCR reaction was subjected to 35 cycles of specific amplification conditions. The PCR cycling conditions for caspase-3, caspase-8, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were: 1 min at 95°C for denaturing, 40 s at 61°C for annealing, and 45 s at 72°C for extension. For caspase-1, amplification conditions were as follows: 40 s at 94°C for denaturing, 35 s at 56°C for annealing, and 1 min at 72°C for extension. In addition, 2 min at 95°C for denaturing were added before the cycling period, and 5 min for extension were added at the end of the cycling period. Amplification reactions were carried out using a PTC-200 Peltier thermal cycler (MJ Research Co., Watertown, MA, U.S.A.), and the PCR products (10 L per well) were run on a 2% agarose gel and visualized by UV light. Band density was determined using the Windowsbased program Scion Image (Scion Corp., Frederick, MD, U.S.A.) and a relative band density ratio of target gene to GAPDH was calculated.
Western blots. Cell lysates were prepared by resuspending pelleted neutrophils or positive control cells (THP.1) in lysis buffer (50 mM Tris-HCl, pH 7.4, containing 1% Nonidet P-40, 0.25% sodium deoxycholate, and 150 mM NaCl; 1 mM each of EGTA, phenylmethylsulfonyl fluoride, Na 3 VO 4 , and NaF; and 1 g/mL each of aprotinin, leupeptin, and pepstatin), as described (20) . Lysates were centrifuged at 14,000 rpm (16,000 ϫ g) for 15 min (Eppendorf Microcentrifuge, Brinkmann Instruments, Westbury, NY, U.S.A.) at 4°C, and supernatant aliquots were stored at Ϫ70°C until analysis. For each Western assay, lysate samples (20 -40 g, measured by protein assay, Bio-Rad, Richmond, CA) were subjected to SDS-PAGE (10% gel) under reducing conditions. The separated proteins were electrophoretically transferred to an Immobilon-P membrane (Millipore Corporation, Bedford, MA). The transfer membrane was blocked overnight in a 2% milk/TBS (TBS: 50 mM Tris, 200 nM NaCl, pH 7.5) solution, then incubated in the presence of the following antibodies (1:1000 dilution): anti-caspase-3 (clone 19, Transduction Laboratories, Lexington, KY, U.S.A.); anti-caspase-1 (clone Ab-1, Calbiochem, San Diego, CA, U.S.A.) and anti-caspase-8 (clone 5F7, MBL Co., Nagoya, Japan). For protein detection, the washed membrane was incubated with a secondary Ab, horseradish peroxidaseconjugated goat or rabbit anti-mouse Ab (1:10,000) in blocking buffer (1 h, RT), followed by a 5-min incubation with SuperSignal West Pico substrate (Pierce Chemical, Rockford, IL, U.S.A.). The treated membrane was exposed to autoradiographic film (CLXPosure Film, Pierce) for up to 5 min. Band analysis by densitometry was performed for each sample (Scion), and the relative band density ratio of target protein to an internal standard (Jurkat or THP.1 cells) was calculated for each assay.
Measurement of relative caspase activity. A colorimetric assay was used (ApoAlert CPP32 Kit, Clontech, Palo Alto, CA, U.S.A.) to measure relative enzymatic activity of caspase-3 in neutrophils cultured for 0 -48 h. This assay is based on spectrophotometric detection of the conjugated chro-860 mophore, pNA, after its cleavage from the labeled substrate specific for caspase-3, DEVD-pNA. Protease activity is determined in cell lysates by comparing the amount of absorbance from an apoptotic sample with an uninduced control, using a standard curve. Briefly, neutrophil aliquots (2 ϫ 10 6 ) were lysed and the supernatants assayed using conjugated substrate (1 mM DEVD-pNA), or in its absence for control reactions, as per the manufacturer's instructions. Specificity of the reaction for caspase-3 was confirmed by adding the inhibitor, DEVDfmk, before the addition of the substrate. For spectrophotometric analysis, samples were transferred to 96-well plates (Nunc, Naperville, IL, U.S.A.), and the colorimetric reaction assayed at 405 nm. Quantification of relative protease activity in OD units was determined from a calibration curve generated using standard concentrations of pNA, the product resulting from cleavage of DEVD-pNA. This cleavage product is directly proportional to enzymatic activity of caspase-3.
For determination of relative caspase-8 activity (ApoAlert caspase-8 fluorometric assay kit, Clontech), a similar procedure was used with the following exceptions: 1) a specific caspase-8 specific inhibitor (IETD-fmk) was used to establish specificity of the reaction for caspase-8; 2) caspase-8 substrate, IETD, was conjugated to AFC; and 3) relative protease activity of cell lysates, measured by fluorescent emission of AFC, was determined by using a fluorometer with a 400-nm excitation filter and 505-nm emission filter. Quantification of relative protease activity in fluorescent units was determined from a calibration curve of AFC standards.
TUNEL assay. A commercial TUNEL assay (In-Situ Death Detection Kit, Roche Molecular Biochemicals, Indianapolis, IN, U.S.A.) was used to detect and quantitate apoptosis in neutrophil aliquots, as we have done previously (15) . The mean channel fluorescence of labeled cells was determined by flow cytometric analysis of at least 10,000 events (FACScan; BD Biosciences, Franklin Lakes, NJ, U.S.A.).
Statistical analysis. Where appropriate, data are presented as the mean Ϯ SD. Results from paired experiments were evaluated for significance with the use of student's t test or the one-way ANOVA; multiple pairwise comparisons were analyzed using the Student-Newman-Keuls test. A p value Ͻ 0.05 was considered to be significant.
RESULTS
Cord blood neutrophils have diminished expression of caspase-3 mRNA. To determine whether delayed apoptosis in umbilical cord blood neutrophils might be the result of a lower expression of pro-apoptotic genes, we first studied these neutrophils for their expression of several caspases with key roles in Fas-mediated apoptosis. Shown in Figure 1 are gels representative Fig. 1A) primer pair yielded a 365-bp product as previously reported (18) . As shown in Figure 1B , band density ratios of mRNA for caspase-3 to GAPDH were lower in freshly isolated neutrophils from umbilical cord blood (0.86 Ϯ 0.28) than in the peripheral blood of adults (1.16 Ϯ 0.43, p Ͻ 0.01). Although caspase-8 expression tended to be lower in cord blood neutrophils (0.70 Ϯ 0.22 versus adult neutrophils, 0.87 Ϯ 0.04), this difference did not reach statistical significance. In contrast, band density ratios for caspase-1 (cord blood, 1.13 Ϯ 0.23 versus adult, 1.10 Ϯ 0.23; mean Ϯ SD; p ϭ NS) were similar between groups.
Cord blood neutrophils have less protein expression of procaspase-3. Shown in Figure 2 are Western blots representative of six separate assays. Densitometric band analysis showed a lower expression of the inactive 32 kD precursor, procaspase-3, in freshly isolated cord blood neutrophil lysates (0.39 Ϯ 0.21 versus adults, 0.73 Ϯ 0.11; p Ͻ 0.01), as well as in cord blood neutrophils cultured for 24 h (0.45 Ϯ 0.03 versus adults, 0.58 Ϯ 0.08; p Ͻ 0.05). In addition, expression of procaspase-3 tended to be lower in adult neutrophils at 24 h compared with its expression at 0 h (p ϭ 0.06), consistent with the progressive loss of inactive caspase-3 observed in aging neutrophils (21) . In contrast, the amount of procaspase-3 protein in cord blood neutrophils at 0 h and 24 h did not differ (p ϭ NS). No differences were observed in the expression of procaspase-1 (cord blood, 0.46 Ϯ 0.09 versus adult, 0.34 Ϯ 0.01; p ϭ NS) and procaspase-8 (cord blood, 0.47 Ϯ 0.29 versus adult, 0.38 Ϯ 0.24; p ϭ NS), data not shown.
Cord blood neutrophils have less relative enzymatic activity of caspase-3 that correlates with a delayed progression of apoptosis. We next sought to determine whether a lower expression of caspase-3 correlated with diminished enzymatic activity. Neutrophils from umbilical cord blood and from adults were cultured for up to 48 h under varying conditions. In one set of experiments, neutrophils were cultured in media alone (6 h, 24 h, 48 h) or in the presence of anti-Fas IgM (300 ng/mL) for 6 h. As shown in Table 1 , a greater fold increase in the amount of cleavage product (the chromophore, pNA), a relative measure of caspase-3 protease activity, was observed in adult neutrophils in the presence of Fas agonist, or in its absence (24 h) compared with cord blood neutrophils. In both groups, the increase in cleavage product over baseline values was greatest at 24 h of culture The amount of cleavage product decreased over the next 24 h, and at 48 h was greater in cord blood neutrophils. In a second set of experiments that examined time-dependent spontaneous apoptosis, relative caspase-3 activity was greater for adult than cord blood neutrophils, peaking at 24 h of culture. At 48 h, caspase activity was greater in cord blood neutrophils than in those of adults, but lower than at 24 h for both groups (Fig. 3) .
In concurrent experiments, we used the TUNEL assay to correlate time-dependent relative caspase-3 activity with the degree of spontaneous apoptosis in cultured neutrophils. We determined that cord blood and adult neutrophils cultured for up to 48 h showed differences in the progression of apoptosis (Fig. 4) , similar to those we previously reported (15) . The increasing proportion of apoptotic neutrophils in both groups paralleled the increases in relative caspase-3 activity at up to 24 h of culture (Fig. 3) , and after 6 h of culture was greater for adult than for cord blood neutrophils. In contrast to caspase-3 activity, the relative protease activity of caspase-8 (Fig. 5) , another key component of the Fas/FasL pathway, was at least A colorimetric assay was utilized to measure the time-dependent increase in caspase-3 activity of cord blood and adult neutrophils cultured in the presence or absence of the apoptosis agonist, anti-Fas IgM Ab (300 ng/mL). Results for each time point are expressed as fold increase in protease activity over that measured at 0 h. Data are representative of three separate paired experiments performed in duplicate. PMN, polymorphonuclear neutrophils. * p Ͻ 0.05, ** p Ͻ 0.001 vs cord blood neutrophils. 862 10-fold lower (0.2-0.4 nM of cleavage product) than that determined for caspase-3 at all time points measured, with no significant differences detected between cord blood and adult neutrophils at any one time point (Fig. 5) . However, when values over time were compared between groups, cord blood neutrophils had less measurable caspase-8 activity than did adult neutrophils during the same time period (p Ͻ 0.01).
DISCUSSION
In the present study, we determined that umbilical cord blood neutrophils from healthy term gestations have a lower functional expression of a critical Fas-associated cysteine protease, caspase-3, than do neutrophils from adult controls. Specifically, we observed that diminished expression of caspase-3 in cord blood neutrophils was linked to a lower enzymatic activity of caspase-3 under conditions also associated with a delay in spontaneous apoptosis (15) .
Our present findings are similar to those observed in studies comparing undifferentiated HL-60 cells with those induced toward granulocytic maturation (20) . In those studies, differentiated HL-60 cells became susceptible to the induction of apoptosis by anti-Fas antibody, whereas the undifferentiated HL-60 cells were resistant, an observation reminiscent of our previous studies of apoptosis in cord blood and adult neutrophils (15) . In addition, undifferentiated HL-60 cells were found to have less expression of caspase-3 than their more mature counterparts, similar to our present findings in cord blood neutrophils. Furthermore, our observation that lower gene expression of caspase-3 in cord blood neutrophils is associated with delayed enzymatic function parallels similar observations in HL-60 cells (20) . However, only a relative comparison between terminally differentiated neutrophils and HL-60 cells is possible because, for example, neutrophils from adult subjects may lack several caspase substrates that are present in differentiated HL-60 cells, including the DNA repair enzymes, PARP and DNA-PK (21) .
Alternative to the possibility that our observations in cord blood neutrophils reflect differences in their maturational stage, studies in other cell types suggest that ontogeny may also influence neutrophil apoptosis. For example, a recent study in rodents showed up-regulation of a novel suppressor of a bcl-2-related gene during specific stages of lung development (22) . Similarly, expression of Fas-associated genes appears to be agespecific in lymphocytes, and is linked with decreased apoptosis of cord blood T-cell subsets (23) . In addition, the recently characterized caspase-14 is preferentially expressed in embryonic tissues, whereas it is absent from tissues of adults (24) .
Caspases execute the apoptosis program in a number of cells, and evidence supports a major role for caspase-3 in mediating neutrophil apoptosis (11, 14, 21) . Pertinently, neutrophil apoptosis is delayed in caspase-3-deficient mice (25) , although the exact mechanism underlying this observation has not been delineated. In addition, decreased caspase-3 expression has been linked to delayed apoptosis of inflammatory lung neutrophils (26) . The dependence of neutrophil apoptosis on caspase-3 activity is underscored by the observation that neutrophils have minimal expression of caspase-7 (27) , another key effector of Fas-mediated apoptosis (11) . Thus, to undergo apoptosis, neutrophils may be unable to compensate for low caspase-3 activity by alternatively using caspase-7 (28). Because caspase-3 is a pivotal component of the Fas/FasL pathway of apoptosis, these observations and our present data implicate the contribution of low caspase-3 to the delayed apoptosis of cord blood neutrophils (15) . This possibility is further supported by the observation that the onset of caspase-3 enzymatic activity in aging neutrophils is coincident with protein and morphologic markers of apoptosis (21) , as well as by our present observations showing that caspase-3 activity parallels the progression of apoptosis.
In the extrinsic pathway of apoptosis, the Fas/FasL pathway initiates an apoptotic cascade that involves activation of caspase-8 followed by cleavage of procaspase-3 (11). Thus, one trivial explanation for the decreased caspase activity in cord blood neutrophils would include decreased Fas protein expression, although our previous studies showing similar Fas expression in adult and cord blood neutrophils suggest either that Fas activation itself or Fas-mediated events downstream of that activation are (Fig. 3) , paired aliquots of adult (AD) or cord blood (CB) neutrophils, cultured for up to 48 h, were stained for determination of apoptotic cells by the TUNEL assay. The graph depicts the mean proportion (Ϯ SD) of apoptotic neutrophils in duplicate samples at specific time points, and is representative of three separate experiments. *p Ͻ 0.02, adult vs cord blood neutrophils. (15) . Alternatively, a deficiency of a major effector of apoptosis, such as caspase-8, might be expected to contribute to a delay in the progression of apoptosis triggered by death receptors. However, we did not detect appreciable differences in caspase-8 expression between cord blood and adult neutrophils in the present studies, although our studies suggested that enzymatic activity was lower in cord blood neutrophils. Caspase-3 can also be activated independently of caspase-8 by substrates that include PARP and DNA-PK, although their importance in mature neutrophils is unclear (21) . In addition, recent studies have shown that apoptosis mediated by the mitochondrial pathway is associated with cytochrome c-induced activation of caspase-9, followed by processing of caspase-3 (29) . Neutrophil apoptosis is associated with a decline in cytoskeletal functions (30) , and thus might be regulated by cytoskeletal factors that also function as caspase substrates, such as focal adhesion kinase (31) and D4-GDPdissociation inhibitor (32) . Gelsolin, another major cytoskeletal component, is a specific substrate for caspase-3 (27, 33) , as well as a key intermediate in actin polymerization (34) . Pertinently, actin polymerization activity is diminished in cord blood neutrophils (35) , although whether gelsolin expression is also low in these neutrophils remains to be determined. Cleavage of the cytoskeletal element, fodrin (nonerythroid spectrin), a process linked to the early apoptotic externalization of phosphatidylserine on the outer plasma membrane (36) , also seems to be mediated by caspase-3 (37) . Thus, altered expression of these or other substrates, in addition to low protein expression of caspase-3, could potentially influence caspase-3 activity in cord blood neutrophils.
In summary, we have determined that caspase-3, a key effector of the Fas/FasL pathway, has low functional expression in cord blood neutrophils. The findings outlined in the present article begin to delineate the mechanisms that underlie our previous observations of a delayed progression of apoptosis in cord blood neutrophils, and suggest that a deficiency of caspase-3 is contributory. We speculate that a delay of neutrophil apoptosis in neonates could be involved in their impaired capacity to resolve infectious and inflammatory processes.
